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ABSTRACT Ultra High Voltage (UHV) transmission technology is the main regional power interconnection
method in China. In addition, renewable energy sources (RES) in China are characterized by centralized
distribution. In view of the cross-regional flexible scheduling of large-scale grid-connected RES, we build
a day-ahead optimization model which considers the generation economy and robustness of transmission
for each regional grid. The model considers the spatial clustering effect of RES and loads, uses robust
optimization theory to construct uncertainty sets, and introduces uncertain spatial constraint parameters to
compensate for the insufficiency of traditional robust optimization. Furthermore, a co-evolutionary algorithm
filter-based is proposed to solve above the mixed-integer non-convex nonlinear programming model. Taking
the modified IEEE-39 nodes as an example, the results show that the system cost can be reduced by 21.9%
by selecting the confidence probability of uncertain variables of both load and source under stable operation,
while the prediction accuracy has a significant impact on the system cost when the confidence probability
is smaller, and a better operation scheme can be obtained by increasing the space constraint parameters.
Finally, the feasibility of the proposed model and algorithm are verified on the Hami power grid in Xinjiang,
China.

INDEX TERMS Co-evolutionary algorithm, filter technology, flexible scheduling, interconnected power

systems, robust optimization.

I. INTRODUCTION

Ultra High Voltage (UHV) transmission technology has
become the main physical method of regional power inter-
connection in China [1]. The cross-regional interconnected
power grid (CRIG) [2], which has been a key driver of
Chinese development, has evolved through a complex and
lengthy process that has been influenced by numerous fac-
tors. Using UHV transmission, the CRIG system can effec-
tively alleviate imbalances between the power supply and
demand across regions that result from large-scale and long-
distance transmission, thus promoting the rapid development
of renewable energy sources (RES). However, the bilateral
instability caused by large-scale grid-connected RES and
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increasing loads inhibit the CRIG’s capability to respond
flexibly to power fluctuations [3]. Therefore, considering the
uncertainty of both power generation and loads, flexible dis-
patching among regions using existing resources has impor-
tant practical significance for balancing the power supply and
ensuring the sustainable development of power interconnec-
tion.

In recent years, many studies have focused on dispatching
modes and energy management models of CRIGs. These
studies have laid a theoretical foundation for our research
but there exist many problems that have not been fully con-
sidered. For example, a decentralized scheduling method has
been proposed [4] that takes into account the cross-regional
tie-line transaction plan. Although this decentralized schedul-
ing method overcame the shortcomings of traditional central-
ized scheduling, but it did not consider the fluctuation of loads
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and RES. In [5], the uncertainty of wind power and photo-
voltaic output were considered for a proposed decentralized
robust dispatch scheme for multi-area power systems, but the
load uncertainties were ignored and the model could not bal-
ance economy and robustness flexibly, so the results were too
conservative. In [6] a stochastic chance-constrained program-
ming scheduling model was proposed, which considers the
uncertainties of both sources and loads. However, the security
and stability of the system were not considered, and the rela-
tionship between uncertainties’ and constraints’ confidence
levels could not be determined. In [7], a coordinated optimal
dispatching model that benefits through integrated energy
interconnection among regions was proposed. The above-
mentioned methods not only fail to respond flexibly to source
and load fluctuations, but are also unable to balance economy
and robustness reasonably. At the same time, the threshold
effect with non-convex characteristics of thermal units has not
been considered in [7]-[10], so the local optimal solutions of
the non-convex optimization problem are no longer globally
optimal solutions, which are more difficult to attain than in
convex problems.

Moreover, the multiple uncertainties from both the gen-
eration and the consumption side (such as wind genera-
tor and PV output, load, etc.) are still the main challenges
that CRIGs face during operation. The methods to describe
these uncertainties can be summarized as standby setting
methods [11] and stochastic programming methods [12].
The above two fields have witnessed continuous exploration
by many scholars, resulting in solutions based on fuzzifi-
cation [13], scenario analysis [14], spectrum analysis [15],
point estimation [16] and stochastic chance constrained pro-
gramming [17], whose effectiveness and practicability are
being continuously improved. However, there still exist many
problems, such as the subjective selection of membership
functions, the need for a large amount of sample data, the lim-
ited number of scenarios for which results are obtained,
the complexity of multi-scene description uncertainty, and
others, and it is difficult to ensure the efficiency and accuracy
of solutions. The theoretical framework of robust economic
dispatch of power systems is proposed from the perspective
of robust optimization, which opens up a new idea for power
uncertainty modeling [18]-[20].

Most robust optimization problems can be formulated as
max-min problems, which is the optimal solution of the
system in the worst case in order to ensure the robustness
of the system. However, in many cases the extreme situation
will not occur, or the probability of occurrence is close to
0. Under such circumstances traditional robust optimization
ignores economic aspects while improving the robustness of
the system, which makes the dispatching results too conser-
vative. The selection of the worst case considered for the opti-
mization problem, adjusting the boundaries of the robust set
reasonably, and balancing economic and robustness aspects
scientifically are problems that still require further study.

Furthermore, to improve the flexibility of the power grid,
we need to consider three aspects. (1) Improvement of the
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regulation ability of each component in the power system and
the power grid itself. For example, when energy storage [21]
and compensation [22], [23] devices are connected to the
system, the resilience of the transmission capacity is strength-
ened [24]. (2) Improvement of planning and operation on
different time scales, such as prediction [25], generation
control [26], economic dispatch [27], ancillary services [28],
and others. (3) Reasonable price and transaction mechanisms
designed to meet the flexibility requirements of power system
planning and operation, such as demand response [29], P2P
trading [30], retail power markets [31], and others.

Simultaneously, power system dynamic optimal dispatch-
ing is a common multi-objective optimization problem with
multiple decision variables, nonlinearity and strong coupling.
The solution of power dispatch mathematical models involv-
ing large-scale grid-connected RES has become a subject
of interest for scholars in China and abroad. In terms of
model-solution, penalty factors [4], price penalty factors [10],
hierarchical algorithms [6], column and constraint genera-
tion algorithms [10] are efficient and fast, but the process
is complex and cannot be solved directly. If the model is
non-differentiable and non-convex, the traditional methods
above cannot be used to solve it, so feasibility and optimality
are not guaranteed. Some algorithms for solving non-linear,
non-convex, strongly coupled and complex constrained mod-
els are widely used, like hybrid biogeography-based opti-
mization with brain storm optimization [32], shuffle frog
leaping algorithm and particle swarm optimization [33],
efficient fitness-based differential evolution [34], and the
squirrel search algorithm [35]. However, with the develop-
ment of large-scale RES integration and multi-energy cou-
pling systems, the algorithm may terminate prematurely due
to the lack of global optimization ability in the face of
different complex optimization problems of modern power
dispatching.

Based on the above analysis, we built a optimization model
of day ahead dynamic game for CRIGs, which considers the
generation economy and robustness of transmission suffi-
ciency for each region. The two regions use the tie-line to
interconnection, and choose their own strategies according to
the possible strategies of the other side, to maximize their own
interests under the strategy of the other side, so as to achieve
Nash equilibrium. In the model, we consider the intercon-
nection of tie-line areas and flexible loads. The uncertain
source-load sets are constructed using robust optimization
theory, the boundary of uncertain sets can be adjusted flexibly
by introducing the uncertain spatial constraint parameters.
Furthermore, according to the characteristics of the optimal
scheduling model, we propose a hybrid evolutionary filter
optimization (HEFO) to solve the above mixed-integer non-
convex nonlinear programming problem. We use modified
IEEE 39-bus systems and the power grid in the Hami region
of Xinjiang as the case studies to analyze the model, verified
the effectiveness and practicability of the model and algo-
rithm. Accordingly, the main contributions of this paper are
summarized as follow:
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e We proposed a day-ahead optimization model for CRIGs,
which considers the generation economy and robustness of
transmission sufficiency for each region. Under the back-
ground of UHV transmission technology as the physical
method of regional power interconnection, and centralized
distribution of renewable energy power generation in China,
the CRIGs can effectively alleviate imbalances between the
power supply and demand across regions that result from
large-scale and long-distance transmission.

e The a day-ahead optimization model considers the spatial
clustering effect of RES and loads, uses robust optimization
theory to construct uncertainty sets, and introduces uncertain
spatial constraint parameters to overcome the shortcomings
of traditional robust optimization while reasonably reducing
the rotating reserve capacity and the blindness of dispatching
cost. In actual operation, compared with traditional robust
scheduling, the generation cost can be reduced by 21.9%
under the premise of acceptable safe operation.

e According to the characteristics of the optimal schedul-
ing model, we propose a hybrid evolutionary filter optimiza-
tion (HEFO) to solve the above mixed-integer non-convex
nonlinear programming problem.

We selected two interconnected modified IEEE 39-bus
systems as the cross-area dispatching model, analyzed the
dynamic dependence of uncertain variables on system econ-
omy and robustness, and explore most economical and reli-
able scheduling scheme under different decisions’ demands
by adjusting the parameters that restrict the aggregation of
uncertainties, such as prediction accuracy and confidence
probability etc. And the validity and feasibility of the pro-
posed model and algorithm are verified on the power grid in
the Hami region of Xinjiang.

Il. CONSTRUCTION OF UNCERTAINTY SET
Taking wind power as an example, the uncertain output of
each period for wind turbines can be described as follows:

{PWM N P\S’Vw + APw;, Vot (1
1%

APy, < APw,, < APy,

where Py, P%W ;» APw;i s are the actual / predicted outputs
and the output deviation of the i-th wind farm at time z.
APIWiJ :» APy, , are the upper / lower 1imit§ of deyi.ation.

Using robust theory to construct sets with additive uncer-

tainties [7], we have:

p = {Pwie =Py, + e APy, Vi

[rwidllo = 1 fpwis [y = Tw )
Ny
[rwiclloo = max frw,, [ [wid ) = Yool @

where ||ywi||lco denotes the infinite norm; |[ywi(|l1 < I'ws
is a 1-norm constraint of perturbation, which corresponds
to the spatial cluster effect of wind power output, thus the
uncertain spatial constraint parameter awy is proposed; ywi s
is the deviation coefficient of the i-th wind farm at #. Suppose
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Sdwit = lywirl- If APw;; is an independent and identi-
cally distributed random variable, then so is dw;,, with an
expectation of pw and variance of a&,. According to the
Lindeberg-Lévy central limit theorem, the standard variable
Y,w of sum Z?’:“{ Swi, for dw;, obeys the standard normal
distribution, and the cumulative distribution function Fyw(x)
satisfies Eq. (3) for any probability distribution.

N
Z-_Wl Sy — Ny by
lim F,y(x)= lim P = <x
Ny —00 pw () Ny—>00 { VNwyow B

= /x \/;_eg;dg =®dx)=a,, Vt
—00 T
3)

where oy is the confidence probability. uw, and ow can be
obtained by predictive and statistical data. It is assumed that
APy, ; follow a normal distribution [34], with an expectation
of 0, and a variance of a{,“v. Thus, I'y; can be deduced as
follows:

20_*2
+07 ! (aw) | N - (a{;} - —nW ) Vi (4)

Different from traditional robust optimization, the bound-
ary for the set of uncertainties in Eq. (2) can be flexibly
adjusted using I'w; according to the different oy required
by decision makers. For practical applications, the selection
of the confidence probability and the influence of aw on
system dispatching are analyzed and explained in detail in
Section III, Part C and Section V. Similarly, I'}, and T, of
conventional loads in A / B regions can be derived using the
uncertain sets Pﬁ‘i. , and PEL .

Ill. ROBUST OPTIMAL DISPATCHING MODEL
A. CROSS-DISTRICT DISPATCHING MODE
Let us consider the interconnection of two areas A and area B
through tie-lines, where A is the dispatching end with large-
scale wind power resources, thermal units and conventional
loads, while B is the receiving end, with relatively con-
centrated loads (thermal units, conventional loads, multiple
adjustable loads), but no RES. Depending on their power
consumption characteristics, loads can be divided into four
categories:

(1) Conventional loads (CLs), which exhibit high random-
ness and are not scheduled;

(2) Transferable loads (TLs), for which the transfer com-
pensation price coefficient is low;

(3) Peak catering loads (LSIs), where the load shedding
rate is low (15%), while the compensation price index is high;

(4) Peak avoiding loads (LSII), where the load shedding
rate is high (30%), but the compensation price index is low.

The sending-end transfers surplus power through the
tie-line under the constraints of power consumption and tie-
line planning. The receiving end consumes power through

VOLUME 8, 2020



X. Li et al.: Flexibility Robust Optimal Operation Strategy for Cross-Regional Interconnected Power

IEEE Access

coordinated dispatch of thermal units and adjustable loads
to realize efficient power distribution among the regions and
promote the consumption of new energy produced. During
the optimization, information is updated and transmitted to
each erea. Both A and B regions choose their own strategies
according to the possible strategies of the other to ensure that
their own interests are maximized under the other’s strate-
gies, So as to realize the dynamic game optimization among
different regions.

B. MODEL SPECIFICATION
We take into consideration the consumption of thermal units,
the cost of flexible load dispatching and the rotating reserves:

T NGa NGB
minf = 3" (Z ch(Ps,)+ Y Ch (P%i,)>
t=1 \i=lI i=1
+fcsu +fcl +fek (5)

where T is the total dispatching cycle. Nga, Ngp are the
number of thermal units in A and B, respectively, and PGl Py
PGI , are the outputs of the i-th unitat 7 in A and B. C (PGI s
and C; B (PGz D/ $) denote the total thermal generatlon cost;
con51der1ng the valve point effect, that is a pulse which will
be superimposed on the energy consumption curve [36]. The
valve point effect makes the energy consumption curve of
generating units no longer smooth quadratic convex function,
but non convex and non smooth [37], [38]. fesy 1s the start-up
/ shutdown cost of the thermal units, fg], fek are the cost of
flexible loads dispatching and rotating reserves (taking A as
an example in (6)-(9)):

2
> ch (rh,) =t et ot v (75
+ sin |: (PA min Pé[,t)] ‘ } (6)
T N
GA
> {zizl (S + 0071

t=1

NaB
) (son,iFN}i + Soff,,-NF,-‘i) } )

where, a;, b;, c;d;, and e; are the fuel cost and threshold effect
coefficients, Son,7, Soff,; are the unit start-up cost coefficients,
vit>» FNiy, NF;, are the operational / start-up / shutdown
state of thermal units. If a thermal unit is running, y; is 1,
otherwise it is 0. If the state of a thermal unit changes from
shutdown to start-up, FN; ; is 1, otherwise it is 0. If it changes
from start-up to shutdown, NF;; is 1. Prt;; > O represents
load removal, while a negative value indicates load attach-
ment. & g1, &Ls11, &LT are the dispatching cost coefficients of
LSI/LSII/TL while Py sy, PLst:, Pt are the corresponding
scheduled powers. kw;, k1; are penalty coefficients of spin-
ning reserve cost for wind turbine / load.

T

fa =Y (ést - Ps, +&ssu - Pusn, + €1 | Pur)
i=1

®)
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fek=z{zkwm,ﬂw 3
=1
L ;B
+Zi=lkLJkB}
A A-h A
APY PRR AP >0
0, APA <0

it

where, fia = { ©)]

In the above objective optimization, the following con-
straints must be met:

(1)Power balance constraints: Sending end:
Nga

ZPAM ylf+ZPW”

Recemng end:

NP
B dc __ B
Yii TP —ZPL,-,,
i=1

Z PA 4+ PE Ve (10)

Ngs

2_Pa,
i=1

— Prsy, — Pusu, —Prr,, Vt

Y

where P?C, is the scheduling power of the tie-line.
(2) Operational constraints of thermal units (taking area A

as an example, B is the same):
A pA A A pA .
yi’[PGi.min = PGi.t = yivaGi,mus’ Vl’ ! (12)

A A A pA A A
PG, = PGy = ViaRy, + (1 —ym—l)) PG

A A A .
+PGi,min (yi,r - yi,(t_l)) , Vit
(13)

A A A pA A A
PG, -1y — PG, = viaRp, + (1 —y,-,(,_l)> PG, tmax

A A A :
PG, in (yw—l) - yi,,) Vit

(14)

_yf(tfl)*’y?t_yék <0, Vit t<k<Ton1+t 1
(15)

yf(,_l)—yﬁﬂfkfl’ Vltt<k<Tffz+t 1
(16)
Yo+ — FNzAt =0, Vit (40
V-t ~ Vi ~NFi <0, Vit e

Eq. (12) denotes the unit output constraint, Eqgs. (13)-(14)
denote the climbing constraints, Eqgs. (15)-(16) denote the
minimum start-up time constraints, and Egs. (17)-(18) repre-
sent the logical relationship between running and start-stop

state variables. TOn I Té}f’ ; are the minimum start-up and

shutdown times of the thermal units.
(3) Flexible load dispatching constraints

0 < Prsi, < PR, - ALs - 15%,Vt  (19)
0 < Prsu, <Py, - Asi - 30%, ¥t (20)
—PE, “ALr < Prr, = PF{, - ALT, VI (1)

ZPLSII, =0 (22)

where PEI are the total loads at z.
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(4) Tie-line constraints

Pown < PI* = PE < P Wt (23)

Pl < ple < PdC \ (24)

Pl =ple P #£PE Vnl<i<t, (25)

where ngwn, PdC are the upper and lower climbing limits

for tie-line power t, 1s the minimum maintenance time. Pf‘c,
Pﬂc are the permissible upper and lower power limits for the
tie-line.

(5) The regional rotation reserve constraints are shown in
Egs. (26)-(27), where L is the rotation reserve rate (%).

(6) Security constraints are shown in Egs. (28)-(29), where
P1 max is the transmission power limit of line /., while Trg;,
Trae, Trwi, Trii, Trr; the transfer distribution factors of ther-
mal units / wind generators / conventional loads / flexible
loads / tie-lines, respectively.

Sending end:

Nga

Z Gtmaxy1t+ZPW”

(Z P +Pd°>(1+L%) vt (26)

Receiving end:
Ngs

B B dc
Z PGi.maxyi»l + Pf
i=1

NB
> <Zi:1 PE,-,, — Prsi, — Prst, — PLT,) (1+L%), Vt
27

Sending end:

A
Nga Ny

ZTrGlPG”y”—Tr Pd°+z Triy. Pw,, ZTrfPL”
i=1 i=1

<Pl Yt O(28)
Receiving end:
NGB NI?
B pB .B B pB B pd
Z TrGiPGi.tyivl - Z TrLiPLi,z + TrdCPlC
' i=1
NP
—Tr}% ZPE,: — Prsi, — Pusn, — P, SPEmax, Vit
i=1
(29)

C. DISPOSING AND DECISION MAKING FOR
UNCERTAINTY
Robust optimal dispatching requires that the system can still
meet the operation requirements in the worst case of uncertain
variables, and obtain the most economical operation dispatch
of the system. This part is to analyze the safe operation of the
system in extreme cases.

The uncertainty descriptions of A’s and B’s regional loads
are similar to Eq. (1). N ’L“ and N LB are the total numbers
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of loads in A and B. P . PRS, AP L APRTY, AP
yﬁ ;» are the actual / planned / deviation and upper / lower
limits of the deviation, and I‘]‘i ; is the spatial constraints of
the load in area A. Area B has the same variables as above,
which are distinguished using superscript B. The uncertainty
description and uncertainty set formulation for loads in A and
B are the same as those for the wind power output.

The uncertain variables of the model are treated as fol-
lows: the uncertain description of load in A and E(k (10)

are introduced into Eq. (26) and the variables Zjszl PA

and Z?’:“{ Py, are eliminated to obtain Egs. (30) and (315.
By formulating the Lagrange function and using linear dual-
ity theory, we obtain

Ny
max (Z APW,-J)

i=1

A
Nw NL
u A
—E yw;, APy, max E Py,
i=1 i=1
A
NL

i=1

Nw
max <Z APWL,>

i=1

Nga

Nga
Z Glmaxyfl - Z Pé yﬁt(l_’_L%) NGa
=1 s
= L% - X;Pwm
=
(30)
N
max (> P,
i=1
Naa Nga
Z GI max Z PG[ tyl t
- L% - P G1)

The uncertainty description of loads in area B and
Eq. (11) are introduced into Eq. (27) to obtain Eq. (32),

. . NE
and the corresponding expression: max (Zi_Ll rP® =
171,
B

N}
Z (PB 5+ ", tAPB “) Based on the above analysis we can
i=1

=

obtain the lower and upper limits of the uncertain sets of wind
generator output and CLs reach the lower and upper limits in
the extreme case.

Ngr

2P

1
max PE < i=
1,1

y,; ZPG”yu

L%

Gl max

— Prsy, — Pusi, — Pur, | (32)

B
NL
B
- Z PLi,x
i=1
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FIGURE 1. Probability relation of constraint violation in area A.

We consider the most extreme situation at ¢, where the
deviation coefficient of only one wind farm output and load
are less than 1. If the wind farm is j, the total wind power
output and the total CLs in the case of area A are as shown in
Eq. (33) and (34).

Nw Nw—1
S S
ZPWm = Z (PWi,z - APQV,‘,:) +PW/-,,
i=1 i=1
u

—(Pw.: — [Tw.e]) APy, | (33)

NA Ni-1
A A-S A- A-S A
ZPLi.t = Z (PLM + APL;) +PLJ3’ B (FL*’
i=1 i=
A A-
~[ra]) arte (34)

where [-] is the ceiling symbol. The probability that in area
A the system cannot satisfy the spinning reserve constraint is
shown in Eq. (35).

Nga
A A Nw
P {Z PGi,maxyiat + Zi:l Pwi,t
i=1
N oA de
= Zi:l PLi,t +P7 ) (1 +L%)

A 2

F%V,t (FL,I)

< exp —m +eXp — 2NA
L

2
A
M. (FL”>
+exp| — -

2Nw  2NP G

By introducing Eq. (4) into Eq. (35), the relationship
between the rotating reserve violation probability in area A
and the confidence probability of both wind farm output and
load uncertainty sets can be obtained as shown in Fig. 1
(assuming both wind plants and total loads are 30). Similarly,
the probability of backup violation in area B is given in
Eq. (36).

2 B B d N B

P ZP i,maxyiﬂt + Ptc = <Zi_1 PLi,t

i=1

2
B
(re,)

—Prsi, — Prsy, — Pur,) (1 +L%)} <exp | — SNB
L

(36)
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05
ability of load .

FIGURE 2. Probability relation of constraint violation in area B.

From Figs. 1 and 2, we see that the rotating reserve vio-
lation probability in area A decreases continuously with the
increase in the confidence probability. As the number of
loads decreases in area B, the violation probability increases
correspondingly. Therefore, the system conservatism can be
reduced by flexibly adjusting the confidence probability of
uncertain sets. In this manner, the prediction accuracy can
be improved, which is also an effective way to reduce the
scheduling conservatism. (The above graphical analysis is
based on the standard normal distribution of deviations, when
the prediction accuracy is only 68.27%.)

Decision makers must weigh the probability of violating
system security constraints and system economy according
to the requirements and characteristics of the system. The
economy of the system can be increased through an informed
reduction of the confidence probability, or the robustness
of the system can be improved by improving the prediction
accuracy of uncertain variables and increasing the confidence
probability. After fully balancing economy and conservatism,
the obtained plan is both robust and optimally scheduled.
It is worth noting that we quantify the robustness of the
system and evaluate it through the probability of exceeding
the system security constraints. Different from traditional
robust optimization approaches, we do not optimize the sys-
tem under the premise of 100% security and stability, because
the results obtained in this case are too conservative at the
expense of system economy. We maintain the probability
of exceeding the system security constraints at a low level
close to 0, or control the probability within a range that is
acceptable by decision makers.

IV. COLLABORATIVE EVOLUTIONARY SOLUTION BASED
ON FILTER TECHNOLOGY

The robust optimal dispatching model is an optimization
problem for thermal unit operation, flexible loads and tie-line
planning in an uncertain environment (The power of the
tie-line is discretized to a multiple of 10 to ensure smooth run-
ning and prevent excessive burrs.). For the uncertain variables
(Pﬁ_ I,PE”,PWM) in the system, we establish the uncertain
set in the manner presented in section II. We explore the
relationship between the probability of the system exceeding
security constraints and the dispatching results under differ-
ent confidence probabilities. Considering both economy and
robustness combined with the actual situation and decision

161129



IEEE Access

X. Li et al.: Flexibility Robust Optimal Operation Strategy for Cross-Regional Interconnected Power

demands, the most appropriate confidence probabilities are
selected to optimize the following decision variables: the
Boolean variables y; ;, FN; ;, NF; ;, the discrete variable Pflc,
and the continuous variables Pg; ¢, PLs1;, PLs1r, and Prr;. The
general form is shown in (37).

minf(X,Y,Z)
s.t.gX,Y,Z) <0

(37)
WX,Y,Z)=0;
Xmin =< X = Xma)u Zmin = Z = Zmax
where, X = [x1, x2, ..., x4], Y = [y1, ¥2, ..., yn] and

Z =[z1, 22, - .., Zn] represent continuous / Boolean / discrete
variables, f(X, Y, Z) represents the objective function, and
gX, Y, Z), h(X, Y, Z) represent the inequality / equality
constraints. In order to solve the above mixed-integer non-
convex nonlinear programming problem, a co-evolutionary
algorithm based on filtering is proposed. The algorithm is
based on the evolutionary principle of species, so we adopt
a multi-population coordination mechanism, which includes
an improved moth-flame optimization (IMFO) for continuous
variables, a differential evolution (DE) algorithm for discrete
variables and a genetic algorithm (GA) for Boolean variables.

A. FILTER TECHNOLOGY
We form a number pair (F, G) consisting of an objective
function and a constraint violation degree to represent the
filter, where, F = f (X, Y, Z), while G is defined in (38). Like
the minimum value problem, the filtering approach has the
following definitions [39].

G =max(0, g(X, Y, Z)) + abs(h(X, Y, Z)) (38)

Definition 1: If F(x;) < F(x;), and G(x;) < G(x)), it is said
that filter (F(x;)), G(x;)) dominates filter (F(x;)), G(x;)).
Definition 2: Filters in filter set do not dominate each other.

B. ALGORITHMIC FLOW
In the proposed hybrid evolutionary filter optimization
(HEFO), the positions of individuals in space correspond
to decision variables in the optimal scheduling problem.
Egs. (10)-(11) correspond to h(X, Y, Z), while Egs. (26)-(29)
correspond to g(X, Y, Z). For other inequality constraints,
which can be treated as boundary limits, we leverage the
advantages of metaheuristic algorithms (IMFO, GA and DE
are heuristic algorithms). The detailed steps of solving the
optimal scheduling model using HEFO are shown in Fig. 3.
The continuous variables are optimized using the IMFO.
Moth-flame optimization (MFO) was proposed by Mirjalili
in 2015. It originated from the lateral positioning navigation
mode of moths during night flight [40]. The location of moths
in the search space is updated using a logarithmic spiral
operator. Exploration and exploitation are balanced effec-
tively in (39), which describes the helical flight path of moth.
The discrete variables are optimized using the GA, which
generates a new population through a series of operations
including selection, crossover and mutation of the current
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FIGURE 3. Algorithm flow chart.

population. The GA is efficient and has good adaptability.
The Boolean variables are optimized using the DE, which is
a stochastic heuristic search algorithm. The DE has strong
robustness and global search ability.

Ml."’+1 = D; - e - cos2rt) + Fj
D; = |Fj — M;| (39

where, superior N denotes the current number of iterations,
M is the moth position, F is the flame position, which is
the optimal position for moths currently, b is a logarithmic
helix shape constant, ¢ is a random number between [—1, 1]
denoting the distance of the moth’s next generation from its
corresponding flame (+ = —1 is the nearest and ¢ = 1 is the
farthest).

MM =M L@ L) @ MY —best), i=1...dim
1
x

I'(1+ 1)*sin(%})
F(HTA)*X*Z(%)

L) = (40)

In order to increase the diversity of the population and
avoid the premature termination of the algorithm, Lévy flight
strategy is added to the MFO. Eq. (40) illustrates the process
of Lévy flight strategy, where & denotes point-to-point mul-
tiplication, 9 is the step size control factor, best is the best
location of the moth, L(1) is the Lévy random search subject
to the Lévy distribution, and X is a constant between [1, 3].

The solution of the DE is updated as follows:

ve=xS%® (xg ®xg) (41)

where, rl, 2, r3 € [1, NP] are the non-repetitive random
variables, NP is the population size, X corresponds to the
decision variables of species B, and ® is the XOR logical
operator.
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TABLE 1. Operating parameters of conventional unit and tie-line.

NO. Upper Lower Minimum stop-start time(h) Climbing(MW/h) stop-start cost(MW/ $)
1 470 150 8 141 20000
2 470 135 8 141 20000
3 340 73 5 102 15000
4 300 60 5 90 15000
5 243 73 6 72.9 10000
6 180 57 3 54 6750
7 130 20 3 39 6750
8 120 47 1 36 6750
9 80 20 1 24 5000
10 55 10 1 16.5 5000
Tie-line 400 150 - 120 -

V. CASE STUDY

A. CASE 1: MODIFIED IEEE-39 BUS SYSTEM

In this case, we select two interconnected IEEE 39-bus sys-
tems as the cross-area dispatching model. A single area sys-
tem consists of 10 conventional units and 46 transmission
lines. The line reactance and allowable maximum power flow
are 0.3p.u and 200 MW, respectively. The regional converter
stations are located at the 7th and 27th nodes of the sending
and receiving ends, respectively. The wind farm and the
controllable loads are connected to nodes 29 and 25 at the
receiving end. The average predicted outputs of the wind farm
and the conventional loads at both ends are in Fig. 4. The
system operation parameters are provided in Tables 1-4.
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1500 |- ) A . s 4
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S
o

1000 - o 4
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2 e
S00F o N e o
- -
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o

o s 10 . 15 20
Time (h)

FIGURE 4. Mean value of load and wind output prediction.

TABLE 2. Flexible load settings.

CL TL LSI LSII
percentage 30% 20% 20% 30%
Cost of invoking (KWh/$) - 0.25 0.5 0.3

TABLE 3. Penalty coefficients.

Coefficient of rotary standby penalty(MW/ $)
Wind plants output Loads in A Loads in B
600 600 600

1) INFLUENCE OF CONFIDENCE PROBABILITY
First, we study the effect of different confidence probabilities
on scheduling results. We set the prediction accuracy as
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TABLE 4. Algorithmic settings.

Maximum iterations 1000 Helical constant b 1
Population size pop 150 Logistic.max 50

Flame.max 150 Mutation rate of DE 0.5
Mutation rate of GA 0.1 Crossing rate of DE 0.9
Crossing rate of GA 0.8
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FIGURE 5. Operational status of units (« = 0.6, 68.27%).

68.27%, the number of wind farms to 30, and the number
of loads in A / B are 20 / 30, respectively. Different confi-
dence probabilities were selected and the results are shown
in Table 5.

As the confidence probability decreases, the interval of
uncertain sets shrinks, the cost of rotating reserve and flex-
ible dispatching decreases, and the dispatching economy
increases. It should be noted that the total cost does not have
a linear relationship with the confidence probability. When
o < 20%, there is little change in the total cost, while the total
cost decreases rapidly between 55% and 20%. When o =
60%, the operational status of thermal units in both ends are
shown in Figure 5, where “0” indicates motion while *“x”
indicates idleness. The dispatching results for the sending
and receiving ends are shown in Figs. 6 and 7 (the specific
strategies are shown in Tables A.I and A.Il in the Appendix).
The above results provide a reference for decision makers to
reasonably select the confidence probability, while consid-
ering the conservativeness of the system and improving its
economy.
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TABLE 5. Comparison results for different confidence probabilities.

Spatial constrained parameters Cost ($) The probability of cross-boundary
o T'w L By Total Thermal Spinning Reserve Flexible load Area A Area B
60% 28.5 19.2 28.5 2.24¢7 4.22¢6 1.62¢7 2.01e6 0.0101% 0.0001%
55.5% 26.4 17.6 26.4 2.11e7 4.18¢6 1.50e7 1.98¢6 0.0442% 0.0009%
45% 21.7 14.0 21.7 1.80¢e7 3.98¢6 1.22¢7 1.87e06 0.7840% 0.0390%
30% 14.5 9.7 14.5 1.36¢7 3.67¢6 8.23¢6 1.73¢6 12.8088% 3.0072%
20% 8.9 59 8.9 1.08¢7 4.11e6 5.03e6 1.62¢6 79.7808% 26.7091%
10% 0.89 0.59 0.89 9.82¢6 3.89¢6 5.03e5 1.54¢6 100.0000% 98.6885%
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FIGURE 6. Operational strategy of sending end.
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FIGURE 7. Operational strategy of receiver system.
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FIGURE 8. Convergence of different algorithm combinations.

To further illustrate the competitiveness of HEFO com-
pared with other algorithms, Table 6 shows the scheduling
results of the filter coordination algorithm combined with
different algorithms when o = 0.6. The convergence of
the algorithm is shown in Fig. 8. (Case 1: IMFO + DE +
GA; Case 2: MFO + DE + GA; Case 3: Particle swarm
optimization (PSO) + DE + GA; Case 4: DE + DE + GA;
Case 5: GA + DE + GA)

It can be seen from the results in Table 6 that the combina-
tion algorithm we selected has obtained the most satisfactory
results. Simultaneously, it is proved that the improved Moth-
flame Optimization has the advantages of faster convergence
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TABLE 6. Comparison of different algorithms.

Cost($)
Total Thermal  Rotating reserve Flexible scheduling
Casel 8.08¢e6 3.74e6 4.05e6 2.88e5
Case2  8.10e6 3.74¢6 4.07¢6 2.91e5
Case3 8.14¢6 3.79¢6 4.05¢6 2.97e5
Case4 8.30e6 3.88e6 4.12e6 2.97e5
Case5  8.28e6 3.90e6 4.09¢6 2.94e5

speed and higher accuracy in solving continuous variables,
and has obvious advantages in dealing with optimization
problems with complex constraints. It can be seen from Fig. 8.
that the combination algorithm selected in this paper also has
certain advantages in convergence speed.

2) EFFECTS OF SPATIAL CONSTRAINT PARAMETERS

We studied the effect of different spatial constraint parame-
ters on scheduling results. The wind farms and loads were
divided into several parts with the same total power, while
the prediction accuracy was maintained at 68.27%. The total
costs under different confidence probabilities are in shown
in Fig. 9. (Case 1: 2 wind generators and 2 loads; Case 2:
10 wind turbines and 10 loads; Case 3: 20 wind turbines and
10 loads; Case 4: 20 wind turbines and 20 loads; Case 5:
30 wind turbines and 30).

3.00E+07

—#— Casel —— Case2 Case3
Cased = Case5

2.50E+07

2.00E+07

1.50E+07

Total Cost

1.O0E+07

5.00E+06
0.00E+00

0.65 062 0.59 0.56 0.53 0.5 0.47 0.44 041 0.38 035 0.32 0.29 0.26 0.23 02 0.17 0.14 0.11 0.08
Confidence probability

FIGURE 9. Impact of spatial cluster effect on cost (prediction
accuracy = 68.27%).

It can be seen from Fig. 9 that with increase in the number
of wind farms and loads, the distribution of wind turbines
and loads become sparser, the spatial constraints parame-
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ters increase, so the volatility of uncertain variables can be
described more carefully while the dispatching cost gradu-
ally reduces. Thus, better dispatching results and operation
schemes are obtained.

3) ECONOMIC AND CONSERVATIVE DECISION MAKING

In order to balance economy and conservatism opera-
tional strategies, it is important to scientifically and rea-
sonably select the confidence probability of uncertain sets.
We explored the dispatching cost and the probability of
constraint violation for interconnected systems under differ-
ent confidence probabilities. We set the prediction accuracy
of both source and loads to 68.27% and the number of
wind generators and loads in A / B to 10. A comparison
of results under different confidence probabilities is shown
in Fig. 10.

= lotal cost  —— Frobability of Canstraint Viol
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100z 07
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62 0.59 0.56 053 05 0.47 044 0.41 035 035 032 0.2 026 023 02 0.17 0.14 0.11 0.08

Confidence probability

FIGURE 10. System economy and conservatism under different
confidence probabilities in case 1.

Fig. 10 shows that the probability of violation for system
constraints increases nonlinearly with the confidence proba-
bility. The constraint violation probability increases rapidly
when « is between [23%, 50%]. When a > 23%, the viola-
tion probability is approximately 1 and unchanged, while it
increases slowly and is below 3% when o < 50%.

B. CASE2: HAMI POWER GRID IN XINJIANG
In order to verify the economy and conservativeness of the
robust optimal dispatching model with uncertainties on both
source and load sides in actual power system dispatching
problems, the sending end was replaced by the Hami power
grid in Xinjiang. The Hami regional power grid is centered
on Hami city and forms a grid with +-800 KV, 750 KV, and
220 KV voltage levels as the backbone. The grid structure
and line parameters are shown in Fig. 11. The No. 1 and
2 wind farm groups consist of 10 and 12 wind farms with total
capacities of 2000 MW and 1000 MW, and the matching DC
thermal plants have 8 units with a rated output of 4800 MW.
The forecasting of loads at both ends and wind power output
are shown in Fig. 12. We set the number of loads on both
ends at 30. The operating parameters of the thermal units on
the sending side and the tie-line are listed in Table 7-9. The
receiving end is still equivalent to the IEEE-39 bus system
and the unit operation parameters are the same as those of
Case 1.

The penalty coefficient, the controllable load and the
algorithm parameters of the system were also unchanged.
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FIGURE 11. Structure and line parameters of Hami power grid.

FIGURE 12. Forecast values of wind power output and loads.

TABLE 7. Fuel cost coefficients of thermal units at sending end.

a; b; i d; ei
786.7988 38.5379  0.1524 450 0.041

TABLE 8. Operating parameters of thermal units at sending end.

Minimum Lo stop-start
NO U N ton-start Climbing )
. er ower  stop-sta cos
PP op (MW/h)
time(h) MW/ $)
Unit
16 600 200 8 200 20000
TABLE 9. Operating parameters of tie-line.
Minimum maintenanc Climbing Upper
. Lower(MW)
e time(h) (MW) (MW)
4 150 2000 400

Fig. 13 shows the dispatching cost and the probability of
constraint violation for interconnected systems under differ-
ent confidence probabilities. The results are similar to those
shown in Fig. 101in Case 1. The system dispatcher can balance
economy and conservatism of the system consistently and
reasonably, and obtain the corresponding operation scheme
based on the non-linear relationship between the confidence
probability, system cost and constraint violation probability.
When the confidence probability is reduced to 0.44, the total
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TABLE 10. Operation strategy of sender system.

. MW
Time Unit 1 Unit2  Unit3 Unit4  Unit5 Unit6  Unit7  Unit8  Tieline
1 - 360.36 - 412.87 269.18 - 515.59 - 1750
2 - 406.63 - 524.76 417.81 - 458.75 - 1870
3 - 462.58 - 334.70 478.41 - 397.50 - 1870
4 - 378.48 - 522.30 368.38 - 291.56 - 1920
5 - 455.29 - 411.45 467.29 - 466.91 - 1920
6 - 478.46 - 318.41 456.68 - 544.37 - 1830
7 - 416.87 - 487.19 466.16 - 485.93 - 1830
8 - 494.84 - 330.80 346.46 - 582.35 - 1970
9 284.24 - - 461.21 389.32 347.41 446.45 417.82 1970
10 440.67 - 457.64 314.36 414.32 233.66 - 551.11 1960
11 390.91 - 552.64 490.86 - 354.06 - 438.47 1960
12 569.52 - 366.98 361.74 - 514.40 - 362.59 1830
13 455.97 - 445.31 - - 423.16 - 445.57 1830
14 470.53 - 589.06 - - 336.80 - 490.85 1910
15 384.54 - 486.85 - - 441.85 - 369.18 1910
16 356.63 - 407.11 - - 241.88 - 363.81 1990
17 313.83 513.09 387.02 - - 348.88 - - 1990
18 461.16 450.98 409.57 - - - 494.62 - 1890
19 429.13 392.27 495.51 - 414.65 - 500.14 - 1890
20 - 377.96 471.05 - 584.09 - 370.63 - 1850
21 - 451.32 550.36 - 450.92 - 444.83 - 1850
22 - 411.10 430.01 - 457.53 - 415.44 - 1990
23 - 427.31 336.46 480.03 258.94 - 233.95 - 1990
24 - 297.99 305.01 281.40 411.91 - 347.01 - 1990
“-” represents that the thermal unit is in shutdown state.
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FIGURE 13. System economy and conservatism under different FIGURE 14. Operation status of thermal units at sending end.

confidence probabilities in Case 2.
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cost of the system decreases by 21.9% compared with that of
o = (0.62, while the probability of system constraint violation
remains at a low level of only 0.5%. Fig. 14 shows the
operation status of thermal units for « = 0.44 at the sending
end, where “0”” denotes operation while “x”’corresponds to TR
idleness. The detailed dispatching plan is shown in Fig. 15, Time ) ’
and the output power of each unit and tie-line are shown
in Table 10.

From the above results, it can be seen that the proposed
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FIGURE 15. The optimization plan of thermal units and tie-line.

robust optimal dispatching model for CRIG is effective in
practical power grids. In practical problems, a more detailed
and comprehensive analysis of the impact of the confidence
probability on dispatching results and the security of the sys-
tem should be undertaken. Considering the actual prediction
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accuracy of uncertain variables, the appropriate confidence
probability must be selected from within the acceptable prob-
ability range of the system exceeding safety constraints, that
the robustness and economy of the system are both taken into
account.
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TABLE 11. Operation strategy of sender system.

MW
Time Unit 1 Unit 2 Unit 3 Unit 4 Unit 5 Unit 6 Unit 7 Unit 8 Unit9  Unit10  Tie-line
1 273.53 264.21 - 300.00 - - 130.00 120.00 80.00 - 270
2 360.45 264.36 - 300.00 - - 130.00 - 80.00 55.00 330
3 314.85 352.65 - 231.20 - - 130.00 120.00 80.00 55.00 330
4 194.84 403.88 - 268.15 - - 130.00 - - 55.00 230
5 251.58 399.33 - 178.15 - 180.00 - - 80.00 55.00 230
6 254.15 269.21 - 210.55 - 180.00 - - 80.00 55.00 350
7 249.83 410.21 340.00 174.56 - 164.97 - 120.00 - - 350
8 336.06 327.05 340.00 171.61 243.00 180.00 130.00 - - 55.00 240
9 317.96 186.05 238.00 261.61 182.86 180.00 130.00 - - 55.00 240
10 318.95 256.48 220.17 - 200.86 180.00 130.00 120.00 80.00 55.00 210
11 324.05 397.48 257.01 - 243.00 - - 120.00 80.00 55.00 210
12 297.18 256.48 207.56 - 243.00 - - 120.00 80.00 55.00 210
13 284.96 178.45 213.97 - 243.00 - - - 80.00 - 320
14 259.04 283.16 213.89 - 243.00 - 130.00 120.00 80.00 - 320
15 192.75 155.25 - - 170.00 - 130.00 - - - 390
16 161.69 189.63 - - 243.00 180.00 130.00 120.00 - 55.00 390
17 302.69 293.01 - 182.07 - 180.00 - - 80.00 55.00 390
18 275.43 164.26 - 267.13 - 180.00 - - 80.00 - 390
19 153.57 275.68 - 300.00 - 174.97 - - - 55.00 390
20 294.57 233.21 313.81 262.90 - 180.00 - 120.00 80.00 55.00 280
21 285.09 369.75 270.33 300.00 - - 130.00 120.00 80.00 - 280
22 426.09 228.75 340.00 264.77 243.00 - 130.00 120.00 80.00 - 380
23 301.06 164.83 340.00 222.15 243.00 - 130.00 - 80.00 55.00 380
24 205.97 150.33 340.00 - 236.00 - 130.00 120.00 80.00 - 330
“-” represents that the thermal unit is in shutdown state.
TABLE 12. Operation strategy of receiver system.
Time Thermal(MW) Flexible loads (MW)
Unitl  Unit2  Unit3  Unit4  Unit5 Unit6 Unit7  Unit8  Unit9  Unit10  LSI LSII TL
1 363.89  469.75 - 300.00 - 180.00 - 120.00 - 5500 4550  91.01 5.42
2 35594 41741 - 251.63 - 180.00 - - - 5500 4876  97.51 5.81
3 22627  276.41 - 300.00 - 155.16 - 120.00  80.00 - 5526 11051  6.58
4 170.32 34145 - 238.07 - 172.89  130.00 - - - 6176 12351 736
5 159.84  380.98 - 218.37 - - 130.00 12000  80.00 - 6501 13001 774
6 208.52  239.98 30237  164.66  161.37 - 130.00  120.00 - 5500  71.51  143.01 497
7 27715 30179 28590  254.66  167.58 - 130.00 - - 5500 7476 14952 8.90
8 31430 23217 183.90 - 240.58  180.00  130.00  120.00  80.00 - 7801  156.02  9.29
9 17330 229.10  285.90 - 237.67  180.00  130.00 - 80.00 5500 8451  169.02  -53.35
10 19423 28527  340.00 - 173.92  150.86  130.00  120.00  80.00 - 88.81  177.63  10.58
11 202,52 35559 238.00 - 243.00 17026 130.00 - 80.00 - 92.50 18501  0.86
12 343.52  400.65 - - 170.00 - 130.00  120.00 - - 9444 18887 1125
13 33289  259.65 - 300.00  243.00 - 130.00 12000  80.00 - 91.01  168.84  10.84
14 28622  233.75 - 300.00 - - 130.00  120.00 - 5500 8451  169.02  10.06
15 16576 335.69 - 210.00 - - - - 80.00 5500 7801  156.02  -36.87
16 30676 23424 - 180.88 - - - - 80.00 - 6826 13651  8.13
17 35676  287.95 28192  236.97 - - - - - 5500  65.01 13001  7.74
18 21576 22945  230.66  174.17 - 152.50  130.00 - 80.00 - 7151 14301 -23.44
19 25190 33286 22397 26417  179.63  180.00  130.00  120.00 - 5500 78.01  156.02  -43.94
20 17476 191.86  171.83  266.84  243.00  180.00  130.00 - 80.00 - 86.62 17323 10.32
21 153.22  262.34 26294 20293  243.00 180.00  130.00 - - - 8451  169.02  10.06
22 28433 223.07 - - 19425 16158 - - - 5500  71.51  143.01 852
23 21936 174.06 - - 243.00  169.92 - 12000 80.00 5500 5851  117.01 6.97
24 20342 184.24 - - 242,74 180.00 - - - 5500 5201 10401  6.19
“-” represents that the thermal unit is in shutdown state.
VI. CONCLUSION interconnected systems with large-scale grid connected RES.
We propose a robust optimal scheduling model consid- Spatial constraints are introduced to flexibly adjust the
ering the bilateral uncertainties of source and load for boundaries of uncertain sets by varying the confidence
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probability to balance economy and conservatism. Accord-
ing to the characteristics of the model, a filter-based
co-evolutionary algorithm is proposed. The proposed algo-
rithm solves the mixed-integer non-convex non-linear pro-
gramming model effectively. Furthermore, we analyze the
effects of prediction accuracy constraints, confidence prob-
ability and spatial cluster on dispatching cost and constraint
violation. The results provide reference for the reasonable
selection of the confidence probability while considering the
system conservativeness and improving the economy. Finally,
the feasibility and validity of the proposed model and algo-
rithm in the actual power grid are demonstrated taking the
Hami power grid in Xinjiang as a case study.

APPENDIX
See Table 11 and 12 here.
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